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IMPORTANCE 11
Bacillus subtilis is widely employed model organism to study biofilm formation and 12 sporulation in Gram-positive bacteria. The ComQXPA quorum sensing (QS) system 13 indirectly increases the transcription of genes involved in biofilm matrix formation, 14 which predicts a positive role of this QS in biofilm development Here we show that QS 15 mutants actually form more matrix components per pellicle than the wild type and that 16 their pellicles are thicker and form with a faster rate. We explain this, by showing that 17 cells with an inactive QS exhibit a delay in sporulation entry, which is also more 18 synchronous relative to the wild type. We argue, that the ComQXPA QS system acts as a 19 switch that contributes to the stochastic sporulation initiation and though this path 20 promotes bet hedging behavior. This finding is important in terms of "quorum 21 quenching" strategies aiming to down modulate biofilm development through inhibition 22 of QS signaling and underscores the richness of QS regulated phenotypic outcomes 23 among bacterial species. 24 1.2 ABSTRACT 25 The ComQXPA quorum sensing (QS) system of Bacillus subtilis, a Gram-positive, 26 industrially relevant, endospore forming bacterium, promotes surfactin production. 27 This lipopeptide increases transcription of several genes involved in biofilm matrix 28 synthesis via the Spo0A-P master regulator. We hypothesized that the inactivation of 29 the QS system will therefore result in decreased rates of floating biofilm formation. We 30 find that this is not the case and that the QS deficient mutant forms pellicles with a 31 faster rate and produces more biofilm matrix components than the wild type. As Spo0A-32 P is the master regulator of sporulation initiation we hypothesized that the ComQXPA 33 dependent signaling promotes sporulation and consequently slows the growth rate of 34 the wild type strain. Indeed, our results confirm that cells with the inactive QS initiate 35 endospore formation in biofilms later and more synchronously than the wild type, as 36 evidenced by spore frequencies and the P spoIIQ promoter activity. We argue, that the QS 37 system acts as a switch that promotes stochastic sporulation initiation and 38 consequently bet hedging behavior. By committing a subpopulation of cells to 39 sporulation early during growth, wild type population grows slower and produces 40 thinner biofilms but also assures better survival under stressful conditions.
INTRODUCTION
entire bacterial population. As predicted, the cumulative P srfA promoter activity in a ΔcomQ 138 floating biofilm, is lowered ( Fig. 1 A) . There is a short time window however (10 h -30 h), 139 where P srfA is activated independently of the ComQXPA QS system. This indicates, that P srfA 140 activity is not completely abolished in the ΔcomQ mutant. To support our claim further, we 141 also semi-quantified surfactant production by the drop method ( Fig. 1 B) . Surfactants 142 strongly decrease water surface tension, effectively increasing the water-solid interphase 143 contact surface in a concentration dependent manner. The ΔcomQ floating biofilm spent 144 medium had a higher surface tension relative to the wild type ( Fig. 1 B) . This, alongside with 145 the results shown on Fig. 1A confirm, that the production of surfactants is indeed decreased 146 in the ΔcomQ floating biofilm during growth and relative to the wild type. Additionally, the same difference is also evident in the NCIB 3610 strain, albeit it is much 155 less dramatic ( Fig. S1 ). NCIB 3610 appears to produce less surfactin compared to the PS-216 156 strain in general. To further validate our results we also show, that the spent media of a droplet relative to the distilled water droplet ( Fig. S1 ). Therefore we concluded, that the first 159 part of our hypothesis is true, meaning that surfactin production is indeed diminished in the 160 the PS-216 floating biofilm. 161 We then proceeded to check the phenotype of the floating biofilms in the wild type and the 162 QS mutant by visually comparing both biofilms. In contrast with our prediction, we found 163 that the ΔcomQ strain forms a more robust floating biofilm (Fig. 2) . Admittedly however, cells in a wild type biofilm are densely packed, whereas they appear to 179 be more spread out in space in a ΔcomQ floating biofilm. We also assayed hydrophobicity by following the diffusion of the methylene blue droplet 186 placed on the top of the floating biofilm over time. The dye was slower to spread on the 187 ΔcomQ floating biofilm (Fig. S2 ). The ΔcomQ floating biofilm was also rougher compared to 188 the wild type ( Fig. S3 ). As published work analyzing biofilm formation has been mostly 189 performed using B. subtilis isolate NCIB 3610, we also compared floating biofilms formed 190 by the NCIB 3610 wild type and its ΔcomQ mutant. The difference in floating biofilm 191 morphology between the two strains was less dramatic than for the PS-216 strains, but again 192 the morphology of the ΔcomQ mutant did not support the initial assumption that QS Mann-Whitney test and a Student's t-test (P<0.05).
217
Moreover, the cumulative P epsA promoter activity in the NCIB 3610 wild type floating biofilm 218 was also lower compared to the NCIB 3610 ΔcomQ floating biofilm (Fig. S4 ). These results 219 indicate that the findings above are not strain specific for the PS-216 strain.
220
Overall, these results refute our first hypothesis that the ComQXPA QS system promotes 221 biofilm formation, despite increasing surfactin production. To test this, we normalized the cumulative P epsA and P tapA transcriptional activity to the P 43 228 transcriptional activity. P 43 is a strong, constitutively expressed promoter (54). By doing this, 229 we obtained a simple quantitative measure of promoter transcriptional activity in single cells 230 with an active P 43 promoter. Results show that the normalized P epsA promoter activity is 231 actually higher in wild type cells and decreases in ΔcomQ cells ( Fig. 5A ), despite the 232 observation, that wild type forms an overall weaker floating biofilm ( Fig. 1 ). Confocal 233 micrographs of floating biofilms, formed by cells carrying the same transcriptional reporter 234 constructs further confirm this result ( Fig. S5 ). It appears that cells that do transcribe from the 235 P epsA promoter, do so less intensely in the ΔcomQ strains ( Fig. S5 B) despite the fact that 236 cumulatively speaking (in terms of biofilm productivity) they produce more P epsA regulated 237 transcript ( Fig. 4A ). Normalized P tapA promoter activity is similar in both cases ( Fig. 5B ).
238
Therefore, on ( Fig. 5 ), we can see that our estimates for single cell promoter activity for P epsA 239 and P tapA do not support the prediction made in Hypothesis 2. This indicates that QS 240 regulation of biofilm matrix component gene transcription is not inhibitory, and could not 241 explain the difference in floating biofilm formation rates, because P 43 normalized promoter 242 activity of P epsA and P tapA is not significantly lower in wild type floating biofilms. We further 243 reasoned, that a bacterial population with an inactive QS forms floating biofilms at a faster 244 rate mostly due to an increased number of metabolically active cells in the population, 245 providing an explanation for the second hypothesis. Our final hypothesis assumed that the QS system in floating biofilms slows down growth 257 rates and increases stochastic sporulation initiation. Therefore, even if single cell biofilm 258 matrix production is greater in wild type cells (e.g. P 43 normalized P epsA promoter activity on To test this hypothesis, we measured the colony forming units (CFU) in the wild type and 263 ΔcomQ floating biofilms ( Fig. 6A ). Additionally we also measured the quantity of heat 264 resistant CFU in the same floating biofilms, to determine the fraction of endospore forming 265 cells in a floating biofilm ( Fig. 6 B) . Both results were in accord with our hypothesis, 266 showing not only that a wild type floating biofilms has fewer CFU at 16 h and 24 h ( Fig. 6A ), 267 but also that a significantly higher fraction of those wild type cells are actually spores ( Fig.   268 6B). Both phenotypes however end up with a similar CFU count after 40 h, and all of the 269 CFU are heat resistant. We also measured expression of the P spoIIQ (the promoter expressed 270 during early stages of endospore development) and normalized its activity per P 43 activity. 271 We found the P spoIIQ promoter activity being higher in the wild type than in the ΔcomQ 272 floating biofilm. Also, addition of the exogenous ComX restored the P spoIIQ activity in the QS 273 deficient mutant to wild type levels ( Fig. 6 D) . The difference in timing of the P spoIIQ promoter activity between the wild type and ΔcomQ 286 floating biofilm was also observed by confocal microscopy (Fig. 7) , and suggests that the 287 wild type forms pre-spores already after 10 h of incubation. In contrast no pre-spores are 288 evident in the ΔcomQ floating biofilm at this time. This difference is apparent in spite of the 289 faster growth rates of the ΔcomQ mutant ( Fig. 6A ). On the same confocal micrographs we 290 can also observe individual pre-spores within B. subtilis cells (Fig. 7) , because the P spoIIQ 291 regulated fluorescent product is highly localized in the pre-spore (55). Collectively, these results indicate that the ComQXPA QS system operates as a control 299 switch device that limits the investment made into population growth by promoting 300 commitment to late growth adaptive processes, like sporulation. In the mutant that lacks 301 comQ, this QS dependent brake, which enables bet hedging behavior, is released and the 302 fitness of the population increases transiently leading to promoted floating biofilm formation. Our results therefore re-confirm ( Fig. 1 and Fig. 5A ) that the ComQXPA QS system 317 increases surfactin production (21) and the transcription of the epsA-O operon per cell (49).
318
However we could not conclude that QS promotes overall formation of floating biofilms ( Fig.   319 2), as predicted in hypothesis 1. While P 43 normalized P epsA promoter activity appeared to be 320 positively regulated by ComX the P 43 normalized P tapA promoter activity was comparable in 321 both the wild type and ΔcomQ biofilms (Fig. 5 ). This expression pattern is consistent with 322 recent reports that PepsA and PtapA are not co-regulated (59). However, expression pattern 323 of both genes in the △comQ biofilm does not explain the thicker biofilms of the mutant 324 where much higher P 43 normalized activity of both the P epsA and P tapA promoters in the 325 ΔcomQ mutant would be expected if this was the case (Fig. 5 ). We therefore rejected the 326 second hypothesis.
327
The confocal micrographs indicate that the wild type cells, which are more segmented at 10h, 328 show high epsA-O transcriptional activity at this time (Fig. S5) , as opposed to the QS mutant 329 cells, which are more chained and have increased tapA transcription (Fig. S6 ). This is 330 consistent with recent report by van Gestel and co-workers (59) who associate high epsA-O 331 transcription with segmented cells and high tapA transcription with chained cells (58).
332
Biofilms have been mostly studied using either the 168 domesticated laboratory strain or the 333 NCIB 3610 undomesticated strain (17). We opted to conduct our research on the PS-216 334 strain, which is very similar to both before mentioned strains in terms of genomic sequence 335 (17, 59). Both strains, the NCIB 3610 and the PS-216 are undomesticated, however, the 336 NCIB 3610 strain has a drastically lower surfactin production ( Fig. S1 ) and forms weaker 337 floating biofilms (Fig. S3 ) than PS-216. Although not as dramatic as in PS-216, the NCIB 338 3610 QS mutant still shows a higher cumulative transcription level of the epsA-O operon 339 compared to the wild type NCIB 3610 ( Fig. S4 ). We therefore argue, that our findings are 340 generally applicable to B. subtilis species as opposed to being PS-216 specific. Bacterial public goods are defined as being accessible to all cells in a population and that they 372 provide a fitness benefit (67). Firstly, in regards of accessibility, it has been already shown 373 that due to spatial segregation, the production of extracellular polysaccharides cannot be 374 exploited against in a biofilm (68, 69). As extracellular polysaccharides (Eps) in the biofilm 375 matrix are are not accessible to every cell in the population they may be considered a private 376 rather than public good (67). Secondly, the fitness benefit is often very context dependent, 377 and also differs in regards to the selective pressure that is being exerted (70). Our results 378 show, that in the end in terms of fitness, defined as an increase in the copies of an allele (71), 379 neither the wild type nor the QS mutant have a significant advantage under the tested set 380 conditions at the 40 h time point ( Fig. 6 A and B) , since both the wild type and QS mutant 381 end up with roughly comparable allele copy number or spores. Therefore, the environment is 382 either non-selective or the QS system (and the phenotype changes it affects) cannot be 383 considered beneficial. However, we also observed a stark difference in growth rates, 384 sporulation efficiency and biofilm matrix component production at earlier time points, 385 meaning that several bottlenecks could be construed with these differences in mind. Those 386 could confer a fitness advantage to either the wild type or the QS mutant strain, but for this 387 research to be sensible, we would have to at least argue as to why we think that these 388 bottlenecks are present in B. subtilis' natural environment. The soil, which is arguably the 389 natural habitat of B. subtilis, is often exposed to droughts at noon, when the sun is at its 390 highest. Additionally, nutrients in the environment might also periodically get depleted and 391 make conditions where sporulation confers a fitness advantage. Therefore, a bet hedging 392 strategy would most likely be beneficial. We here show that QS mutant does not assume this 393 bet hedging strategy in regard to spore formation during early stages of biofilm development 394 ( Fig. 6 B and 7) . This suggests that the wild type strain may have a fitness advantage over the 395 QS mutant if selective pressure (in form of a sudden temperature increase, drought or nutrient 396 depletion) appeared during growth (14, 15, 63).
397
Our results also show that the wild type strain grows more slowly than the QS mutant strain.
398
This might, on the other hand, represent a disadvantage in an environment, where fast 399 nutrient utilization and overgrowth is required in order to outcompete other bacteria which 400 occupy a similar ecological niche. Indeed, our results indicate that the QS mutant grows at 401 faster rates in static cultures (Fig. 6 A) and in shaken cultures (23). Therefore, it would be 402 expected that QS mutant would most likely have an advantage over the competitor strains if 403 selective pressure would operate at the level of growth rates (72). On the other hand, a more 404 slowly growing wild type phenotype strain might utilize scarce nutrients more efficiently and 405 also through bet hedging mitigate the consequences of incorrectly predicting a non-favorable 406 environmental fluctuation. One of the reasons why a QS mutant won't overgrow the wild 407 type strain in nature is possibly due to the private link between signal and response in the B. 408 subtilis QS system, described in (23).
409
Floating biofilm formation is stunted due to bet hedging 1.5.4 410 Bacillus subtilis is widely known for its bet hedging behavior in terms of spore formation, 411 where a sub-population of cells initiates sporulation stochastically, regardless of the sensed 412 external environmental stimuli (e.g. nutrient starvation) (14). In a wild type population, the 413 endospore forming process started already at the onset of floating biofilm formation. The 414 bacterial population with an inactivated QS however, did not exhibit such behavior. So to 415 sum our findings up, we showed that the ComQXPA QS system serves as a switch that down Table 1 ). Integration of srfA::Tn917 (mls) mutation into different strains 432 was performed by transformation with BM1044 genomic DNA (74) ( Table 1) . Strains with 433 P tapA -yfp reporter fusion were constructed by transformation with BM1115 genomic DNA 434 (75). To prepare strains carrying the P spoIIQ -yfp reporter fusion the plasmid pKM3 (55) was 435 transformed into indicated recipients (Table 1) . To transform strains with the P 43 -mKate2 436 reporter fusion (Table 1) , the plasmid pMS17 with the kanamycin resistance marker and the 437 plasmid pMS7 with the chloramphenicol resistance marker were used (Table 3) . To prepare 438 strains with the P srfAA -yfp reporter fusion DL722 chromosomal DNA was transformed into 439 different strains (50). To construct the NCIB 3610 QS mutant the plasmid pMiniMAD2-440 updowncomQ ( Table 3 ) was used (24). The plasmid was transformed into B. subtilis NCIB 441 3610 comI Q12L as previously described (24, 76).
442
The P 43 -yfp construct from Pkm3-p43-yfp plasmid (75) was digested with EcoRI and BamHI Floating biofilm spent media were collected after 40 hours of static growth in MSgg medium 480 at 37 °C. A two-fold dilution series in distilled water was made and 20 μL droplets of the 481 spent media and all of the serial dilutions were gently placed on the top of a parafilm strip.
482
The wetting surface area of the droplet corresponds with the droplet surfactant concentration.
483
Greater surfactant concentrations will cause the droplet to cover a bigger parafilm surface 484 area, thus appearing bigger from a top-down perspective. Distilled water droplets serve as a 485 control. The srfA mutant spent medium dilutions indicate that the decrease in surface tension 486 is mostly due to the synthesized surfactin and no other surfactant the wild type or QS mutant 487 strain might produce, since they cover a similar surface than a distilled water droplet. All experiments were performed in at least three time independent biological replicates. We 
